Mean and instantaneous flow fields were derived for sooting pressurized swirl flames, operated with ethylene/air in an aero-engine model combustor. Stereo particle image velocimetry served to deduce three velocity components and to identify locations of soot based on soot scattering. The measurements complement those of other quantities in the same flames published recently. Flow fields determined for cold and reactive conditions confirm conclusions drawn from application of other laser-based diagnostics: soot is mainly formed in the inner recirculation zone which recirculates reactive, hot unburnt reaction products, and partly transported into the high-velocity in-flow regions. Oxidation air injected after two thirds of the combustor forms a stagnation zone close to the combustor axis and splits into a portion flowing downstream towards the combustor exit and one transported upstream thereby affecting the local gas composition and temperatures in the inner recirculation zone. Analysis of the instantaneous images by proper orthogonal decomposition reveals the existence of a precessing vortex core which impacts the soot distribution. Presence of soot in high-velocity/high strain rate regions where soot formation is unlikely to occur can be explained as a result of transport. Flow field characterization and the correlation with soot presence, in complement of existing data, are expected to provide a valuable contribution to soot model validation.
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Introduction
Expected more stringent emission legislation for kerosene combustion in aero-engines has driven considerable effort in recent years to better understand, model and predict soot formation in gas turbine combustors.
Increasingly, numerical tools contribute to the understanding of processes leading to soot formation and oxidation in technical combustors [1, 2] . Yet experiments remain essential to improve the predictive capability of soot modelling. Those can either serve to improve understanding of fundamental sub-processes such as soot inception, growth, and oxidation, as well as soot-turbulence interaction, or as validation data for numerical models. Numerous studies in fundamental flames exist; however, there is an increasing need for data sets derived from flames which exhibit technical features such as pressure, turbulence and swirl. Those data sets should preferably include soot and temperature, and beyond that as many quantities as possible. A combination of both, technical conditions at well-defined boundary conditions, and detailed characterization by accurate optical diagnostics, remains challenging. Recently, we presented a series of publications characterizing such a semi-technical combustor which exhibits the mentioned technical features [3] [4] [5] . It also offers the option to inject additional oxidation air downstream of the primary combustion zone which mimics dilution or quench air as employed in aero-engine combustors. The data set includes mean and instantaneous distributions of soot, OH and PAH as well as temperatures measured by laser-induced incandescence (LII), laser-induced fluorescence (LIF) and coherent anti-Stokes Raman scattering (CARS). In addition, correlations exist where two complementary techniques were applied simultaneously. The current study adds information on the velocity field which is important for several reasons: soot formation depends strongly on local gas composition, temperature and the time history of the respective fluid element. The instantaneous flow field is an essential quantity impacting those parameters via turbulent mixing. Resulting quantities as residence times, velocity gradients (strain) and dissipation contribute to the local thermochemical state which eventually leads to soot formation or oxidation of precursors prior to forming soot [6] [7] [8] ; high strain rates reduce the formation of soot precursors PAH (polycyclic aromatic hydrocarbons [7] ), and consequently soot. Turbulent fluctuations impacting these mentioned pathways therefore directly result in the strong soot intermittency determined in turbulent flames (for example [9] [10] [11] [12] ). The direct correlation of flow field and soot distribution, however, is further complicated by the different time scales of soot chemistry and turbulence. Soot chemistry is typically described as a relatively slow process on the order of several milliseconds (for example [13] [14] [15] ). Dependent on the location in the flame, time scales of the flow field cover a significantly wider range from submilliseconds close to the flame front to multiple milliseconds in the inner recirculation zone, which rather would require a time-resolved determination of the correlation of soot and flow field. However, for combustion simulation the non-reacting, and subsequently reacting flow fields are the first quantities to validate turbulence modeling prior to employing chemistry modules. Application of particle image velocimetry (PIV) to sooting flames is challenging due to strong flame luminosity, and the number of publications showing application of PIV to sooting flames for validation purposes is limited (for example [8, 16, 17] ). The focus of this work is to complement the existing data set with mean velocity distributions and statistics, and provide additional insight into processes related to soot formation in complex flames by correlating soot distributions to the flow field.
Setup

Burner
The burner used in this study has been presented in detail in a recent publication [4] and is only briefly The combustor is mounted in a water-cooled steel pressure housing with large optical access (60×120 mm 2 ) from four sides. The pressure can be adjusted by partially blocking the exhaust port with a movable piston. An air flow through the gap between the combustion chamber and the pressure housing serves as air cooling for the windows of the combustion chamber.
Among the operating conditions characterized recently by other diagnostics, two were specifically selected for the current study (table 1) . Primarily, this is the so-called reference point at 3 bar, φ=1.2, with 40% additional oxidation air and 30% of the combustion air passing through the central air nozzle, 70% through the annular air passage. This operating point was characterized without combustion, yet fuel present, with and without additional oxidation air, as well as with combustion. In addition, a leaner case at φ=0.9 of lower soot content, and less luminosity, was studied enabling a detailed data analysis including correlations of instantaneous soot distributions with velocity fields. For both conditions the full suite of optical diagnostics has been applied recently to determine OH, PAH and quantitative soot distributions as well as temperature statistics. The current study was limited to those two cases because most other flames of the full series of validation flames [3] exhibited stronger soot luminosity and thus were even more challenging than those two investigated here. 
Particle Image Velocimetry and Derivation of Soot Distributions
Stereo PIV was applied in this study because validation data in swirl flames essentially need to include the tangential velocity component. To capture most of the flame we mounted the pair of CCD cameras as close as possible to the pressure flange of the high-pressure housing and employed wide-angle lenses.
Three-component velocity fields were measured using a stereoscopic PIV system (FlowMaster, LaVision).
The system consisted of a frequency-doubled dual-head Nd:YAG laser (NewWave Solo 120), a programmable timing unit (PTU, LaVision) and two double-shutter CCD cameras (Imager ProX, 1600×1200 pixels, LaVision) equipped with a 532 nm bandpass filter of either 11 nm or 1 nm bandwidth (FWHM) to block the majority of the soot luminosity. The 1 nm filter provided a better suppression of soot luminosity, but resulted in a relatively small field of view (FoV) due to its low transmission at non-perpendicular incident angles. The laser was operated with an energy of 120 mJ per pulse at 532 nm and a repetition rate of 5 Hz.
The laser beam was expanded to a 100 mm tall planar light sheet that covered the central vertical section of the combustion chamber. The thickness of the light sheet was around 1 mm. Scheimpflug adapters were mounted such that the focal planes of the cameras coincide with the laser sheet. The two cameras were located as close as possible to the combustor in order to achieve a relatively large stereoscopic angle. In the present configuration, the distance between the camera lenses (f=16 mm, f/4-f/16) and the measurement plane was The three air flows (central and ring combustion air, oxidation air) were seeded with TiO 2 particles with a nominal diameter of 1 µm. Due to contamination of combustor windows with seed particles, the duration of measurements was limited to about 10 and 30 minutes at reacting and non-reacting conditions, respectively.
Thereafter the combustor had to be shut down and windows had to be cleaned before further measurements could be performed.
From the raw particle images, the soot and flame luminosity was removed by subtracting background images determined with both spatial and temporal sliding median filters. Velocity fields were then calculated using commercial PIV software (DaVis 8, LaVision). A multi-scale cross-correlation algorithm was used with a final interrogation window size of 32×32 or 16×16 pixel, corresponding to an in-plane spatial resolution of 3.4×3.4 or 1.7×1.7 mm². Spurious vectors were detected using the deviation from the local median, and replaced either by vectors corresponding to the 2nd, 3rd or 4th highest correlation peak (if they fulfil the median criterion), or otherwise by an interpolated vector. The commercial software also served to derive extensive strain rate distributions.
Measurements were performed in two sequences: in a first iteration the non-reacting flow field was recorded for identical flow rates (including fuel) and pressure as for the reacting test cases. The second iteration consisted of application to the respective flames. To cope with the relatively strong soot luminosity emitted by the reference flame at φ=1.2 we followed two different detection schemes: use of 2-nm wide narrowband filters which reduced the field of view to approximately 50 mm diameter and therefore required vertical translation of the cameras to capture a large enough part of the combustor. The second scheme used 10-nm wide filters. The latter results in a sum-of-correlation (SoC) mean velocity information [18, 19] , which allows mapping of the whole combustor for a global impression of the flow field but does not yield statistical information.
The PIV images suffer from soot presence in two respects: due to the system-inherent long exposure times the second camera frame accumulates significant line-of-sight integrated soot luminosity, which for luminous flames can outshine scatter signal from PIV seed particles and lead to camera saturation. In addition to luminosity, Rayleigh scattering from soot particles adds to the scatter by PIV seed. By adequate image processing we made use of this effect and derived instantaneous soot distributions from the first PIV frames.
A sliding minimum subtraction (identification of suitable parameterization required) removes the image background and distributed signal from irradiated surfaces. This is followed by application of a linear erosion filter to remove seed particle scatter and leaves the soot structures, as verified by simultaneously measured LII. As the main purpose of this study was a spatial correlation of soot presence with the instantaneous flow field, we rather used this, instead of available LII images which were recorded upon LII excitation by the first PIV laser pulse. The use of the identical camera to derive flow field and soot presence facilitated spatial overlap and correlations. Also, image intensifier smear, which deteriorates the resolution in LII, was not an issue here. Note that soot quantification has been presented recently [3] , and was not topic of the current study. Suitability of the PIV-camera-derived soot distributions was verified using the LII images though. Both cases exhibit the major characteristics of injectors used for swirl stabilized flames: a relatively highvelocity in-flow, a pronounced inner recirculation zone (IRZ) and an outer recirculation zone (ORZ) which serve to transport hot reaction products and radicals back to the burner inlet. There the hot reaction products come into contact with fresh gases from the inflow, and the flame is stabilized close to the injector (see for example [3] ). The swirl-induced out-of-plane motion is clearly visible, and also impacts the oxidation air jets which create a stagnation zone close to the burner axis after two thirds of the combustor. This additional air splits into a portion flowing towards the exit of the combustion chamber, and part of it is feeding the inner recirculation zone, thereby significantly enhancing the total upstream flow. For operating conditions with combustion this reduces the local equivalence ratio in the inner recirculation zone, creates additional OH and leads to a temperature increase in the lower IRZ, eventually resulting in almost soot-free conditions in parts of this region [3, 4] . Moreover, the tangential velocity component in the inner recirculation zone is reduced by the additional oxidation air. 
Results
Non-Reacting Flow Field
Mean Flow Field of Reacting Cases
Qualitatively, the global mean flow field of both reacting cases shows the same characteristics as presented for the cold flow with the main difference of in-flow acceleration past the flame front due to thermal expansion of the mixture (not shown). The fresh flow jets of combustion and oxidation air become wider, and the tangential velocity increases. Widening of the inflow leads to a narrower inner recirculation zone, and the stagnation point, which is inside the central air nozzle for the non-reacting case shifts some millimeters downstream, in accordance with the axial temperature profile presented in [4] . 
Spatial Correlation of Soot Presence and Mean Flow Field
In recent publications [4, 5] the presence of soot in the inner recirculation zone was discussed in relation to the OH distributions, measured by OH LIF. Flame fronts are forming in the inner shear layer (ISL) of the swirling jet between fresh in-flow and hot recirculated reaction products. The relation between the presence of soot and the velocity field is visualized in Fig. 3 for the operating condition at φ=0.9. -it is noted that the soot field does not refer to quantitative concentrations but rather is an indication where soot was identified; the fine structure is primarily due to insufficient statistics caused by the high soot intermittency and is not relevant in this context. In the plot, soot is mainly present in the inner recirculation zone. This is qualitatively also valid for the richer test case burning at φ=1.2 [5] at higher soot levels. The mean flow field (left) clearly confirms soot presence primarily close to the ISL between in-flow and recirculated reaction products, towards the inner recirculation zone. Here, low to intermediate strain rates prevail (right). There is some overlap of soot presence and regions of globally high in-flow velocities where soot formation is not expected to occur due to the long time scales of soot chemistry [13] [14] [15] , and of higher mean strain rates. The potential origin of those soot filaments is therefore discussed in the last section which indicates the importance of instantaneous correlations of both quantities. 
Effect of Precessing Vortex Core on Flow Field and Soot Distribution
For a more detailed analysis of the relationship between soot and flow-field temporal variations of coherent flow-field structures are taken into consideration. From recent work in this [20, 21] and similar burners [23] it is known that a precessing vortex core (PVC) exists in the ISL between the inflow and the IRZ. A dominant, self-excited thermoacoustic oscillation, as identified for other operating conditions (specifically leaner or at different air splits), which can suppress the PVC, [20] was not observed. For the φ=1.2 case the PVC frequency was calculated to be about 500 Hz [21] . In the current study, a proper orthogonal decomposition (POD) analysis [22] of 1000 instantaneous velocity fields for the case φ=0.9 was performed that confirms the existence of a PVC. The PVC is located in the ISL of the swirling jet where also a major part of soot is present, and therefore an influence of the PVC on soot formation is expected. For each instantaneous measurement, the phase angle ϕ of the PVC precession was determined from the respective POD mode coefficients as described in [22] , and then phase-conditioned averages of velocity field and soot distribution were calculated for 8 phases (ϕ=0±22.5°, ϕ=45±22.5°, etc.). Unfortunately, the correlation between the soot and velocity distributions suffers from a poor soot statistics, even at the relatively large number of 1000 analyzed images. This is due to the relatively low soot load which is a requirement for the applicability of PIV measurements (see Sect. 2.2). Also, the large intermittency of soot appearance [10] [11] [12] leads to a relatively low number of images per phase angle with significant soot levels. Fig. 4 depicts the radial motion of the center-of-mass of the soot distribution with phase angle of the PVC; the dashed line serves to guide the eye. This plot is derived by evaluating the eight phase averaged soot distributions, whereof four are displayed in Fig. 5 (top) . The slight asymmetry of the soot distributions, which was also identified in [5] , results in a non-zero total average of the radial location of the center-of-mass of soot. Despite the relatively poor soot statistics the local influence of the PVC is clearly visible in [23] suggests that the core of the PVC is characterized by unburnt fresh gas, which prevents soot formation. The same is valid for the outer parts of the PVC vortices adjacent to the in-flowing jets of fresh gas. On the opposite side of the vortices facing the IRZ, frequent soot presence is identified.
Therefore the PVC wraps up gases of high hydrocarbon and eventually soot content, which either serves to oxidize soot coming into contact with fresh gases, or to transport soot filaments further upstream towards the stagnation point close to the injector. Close to the PVC compact regions of locally high strain rates are identified, which may be related to suppression of soot formation due to dissipation of the locally rich mixtures [8] . Infrequent occurrence of soot in these regions is therefore probably soot that has been transported here from soot-forming regions in the IRZ. Soot mainly occurs where fresh gases and hot reaction products from the IRZ come into contact, specifically on the hot side of the interaction layer where unburnt hydrocarbons are often present. Taken together, the results confirm the above conjecture that the PVC has a significant influence on soot formation and oxidation, and motivate a more detailed investigation of the mechanisms using enhanced diagnostics. and respective local extensive strain rates (bottom) for four phase angles of the PVC.
Instantaneous Correlations of Soot and Flow Field
For the understanding of the interaction between flow field and soot formation, the mean flow field is only of limited value, because soot formation strongly depends on the instantaneous fluid structure, temperature and flow condition. Turbulence significantly influences formation of soot, its transport and eventually oxidation.
Soot formation in the in-flow region is unlikely due to the relative slow soot formation chemistry on the order of milliseconds; typical instantaneous velocities of the cold in-flow mixture are 15-20 m/s, which relates to propagation distances of at least 20 mm prior to initial soot formation, even if increased temperatures were present at those locations; given typical soot formation times, incipient soot should not be present in the fresh gas in-flow up to at least 20 mm axial distance from the injector. According to Narayanaswamy and Clemens [8] who carefully studied an atmospheric jet flame by LII and PIV, high local strain prevents soot formation.
For the φ=0.9 flame, presence of soot filaments is correlated to a wide range of local velocities and local extensive strain rates within the whole series of 1000 instantaneous images. However, it is very likely that soot formation in swirl flames shall predominantly happen at moderate strain rates similar to jet flames as described by Narayanaswamy [8] . 
Conclusions
A gas turbine model combustor for partially premixed swirl-stabilized flames was studied with PIV to derive the mean and instantaneous flow fields. These results complement an existing comprehensive data set of pressurized sooting swirl flames, where LII, OH and PAH LIF and CARS were applied. The data consists of flow field information for the cold and reactive flow, in the latter case despite the challenging conditions for PIV measurements caused by strong soot luminosity. For the reference condition at φ=1.2 the field-of-view (2-nm interference filtering) and sum-of-correlation (10-nm) approach are in good agreement and complementary in so far as the latter provides the global flow field in the whole combustor while the field-of-view information serves to deduce statistics. For a leaner test case of φ=0.9 which has previously been characterized with respect to soot, OH, PAH distributions and temperature statistics, a detailed study has been performed, which correlates soot presence with the instantaneous flow field. Soot and the distributions of velocities or strain rates do not directly correlate due to the slow soot formation processes which depend on the combination of local composition, residence times of a rich fluid element within this composition and the temperature history. However, making use of knowledge of typical soot formation times, and suitable strain rates for soot formation as identified in literature allows distinguishing between fresh and transported soot. In addition, a precessing vortex core could be identified which prevents soot formation in its center, probably due to lean composition and good mixture, as well as the proximity of compact high-strain regions. Further interpretation of the flow field-soot interaction would require the addition of further simultaneously applied diagnostics such as OH or PAH LIF, preferably with time resolution. With the actual complementation by velocity distributions the full data set is well suited to validate modelers' codes which we encourage by making the data accessible upon request.
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